A novel quasi-Yagi antenna array with a thin configuration is proposed in this work. Different from traditional high-gain Yagi or quasi-Yagi antennas, which need large widths to hold either several parasitic elements along the radiation direction or extra feeding networks like baluns and power dividers, this design adopts a collinear antenna as the driven part and employs a few collinear parasitic strips. Thus, a high gain can be realized with a narrow width. Based on the analysis of the collinear antenna, effect of parasitic strips and impedance matching, a compact antenna prototype with a size of 26 mm × 190.5 mm is proposed and fabricated. The measured results show that the realized gain is 8-8.7 dBi from 2.3 to 2.63 GHz. With a rectifying circuit, maximum dc power of 1-39.2 µW can be produced under a power density of 0.05-1 µW/cm 2 at 2.45 GHz, while more than 31 µW obtained in an azimuth angle range of 100 • for a power density of 1 µW/cm 2 . To further validate the compactness, an angle-diversity prototype consisting of two back-to-back proposed array antennas is also presented. It nearly doubles the harvesting coverage with a size less than that of two antennas.
I. INTRODUCTION
The size or volume is always a concern in antenna designs, since miniaturization means less cost and occupied space. For portable communication devices, folding or meandering the antenna structure is a common miniaturization technique. Similarly, for the same purpose, folded or meandered dipole, monopole and loop antennas were adopted in rectenna (rectifying antenna) designs [1] - [7] . They are fit for small and limited space at the cost of very low antenna gains. To ensure an enough supply of energy under low power densities, the size or aperture of the antenna part has to be enlarged.
There are two techniques in the process. One emphasizes dc power combining and pursues omnidirectional harvesting patterns. The corresponding design makes the aperture less focused, where multiple antennas with wide beams and low gains separately collect wireless power [8] - [10] . RF power received by each antenna is rectified respectively, and then combined in a form of voltage or current summing. The dc output is elevated by gathering multiple rectennas, or forming a rectenna array. Such designs could capture incident The associate editor coordinating the review of this manuscript and approving it for publication was Muhammad Khandaker . RF energy from different directions due to the wide beams. One issue should be noticed, that the sensitivity of rectifiers to weak RF power is notably low. Unlike communication receivers, which can even receive signals of power levels less than −90 dBm, most rectifiers can provide only a few percent efficiency at −30 dBm around 2.45 GHz, and the rectification efficiency markedly declines when input RF power decreases from −10 dBm [11] , [12] . Facing the low power density of ambient RF energy, a low-gain antenna usually cannot supply a rectifying circuit with high RF power, which will necessarily depress the rectification efficiency. Consequently, harvesting performance becomes inefficient since a considerable proportion of energy is wasted in circuits, and the utilization of the enlarged size is lowered. Then the harvesting system will be restricted to locations with relatively high power densities or closer to the power source.
On the contrary, the other technique makes the antenna aperture more focus on one direction and enhances the gain [9] , [13] - [19] . In this case, higher RF power can be delivered to a rectifying circuit to raise its conversion efficiency. It reduces the power waste in circuits at the sacrifice of the beam width and spatial coverage. However, with the efficiency limit of commonly used rectifying devices, high antenna gains are a prerequisite for effectively harvesting energy of low densities. And a latest research that analyzed and measured WiFi energy harvesting in an indoor environment pointed out that, with multipath propagation and one or more power transmitters, an antenna with a highgain narrow beam is more likely to succeed in collecting a relatively high level of power than one with a low-gain wide beam [20] .
Recently, designs with consideration of both the antenna gain and spatial coverage have been presented [21] - [29] . In [21] , [22] , the beamforming network was employed to make a patch antenna array with several high-gain beams directed at different angles, and each beam with a maximum gain of about 7-10 dBi was generated by the whole aperture through RF combing. Similarly, the traveling-wave grid-array antenna without beamforming networks is designed to provide two or four symmetrically titled high-gain beams [23] , [24] . RF power collected by different beams was separately rectified and the produced dc power then combined. Thus, they can compensate for the loss of coverage induced by narrowed beams and raised gains, and improve the utilization of the enlarged size. However, one directional antenna or antenna array cannot overcome itself blind areas. For complementing the coverage and losing less energy in the blind spot, multiple patch or Yagi antennas situated on a cubic [26] , [27] or cylindrical structure [22] , or placed in a circle [28] , [29] or back-to-back patterns [25] were designed and demonstrated. One patch antenna was deployed on one side of the cubic in [27] . For enhancing the harvesting performance, the patch was replaced by the Yagi on the cubic structure [26] . The gain was further elevated to over 8 dBi by using a suspended large patch antenna [25] or a patch antenna array [22] .
In this scenario, compactness should be interpreted as high space utilization-how to realize a high gain in a cost-effective way, rather than simply a small or tiny size. Till now, several types of antennas have been presented for high-gain rectenna designs, such as grid array [23] , [24] , patch array [13] , [14] , [21] , [22] , large patch [15] , [25] , suspended or stacked structure [13] , [16] , [21] , [23] - [25] and Yagi antennas [17] - [19] , [28] , [29] . In general, as discussed in and reflected by the previous works [17] , [18] , [23] , [26] , the endfire Yagi or quasi-Yagi antenna can own the highest ratio of the gain to electrical size. In addition, it can also easily realize a wide frequency band with a planar structure [19] , while the patch antenna, the other commonlyused high-gain type, usually requires a very thick suspended configuration. Therefore, it can be more competitive compared to other high-gain antennas. A disadvantage of the Yagi antenna is the single linear polarization. It is no doubt that the polarization diversity can make a harvester more versatile and adaptable [15] , [25] , [30] . Nevertheless, the diversity is usually at the expense of the size or dimension. The merit of the Yagi antenna, cost effectiveness of the size, could be prominent in circumstances where one linear polarization is obvious or dominant. In light of the fact that linearly polarized antennas are generally equipped in transmitters, some linearly polarized antennas were also frequently adopted for harvesting energy of Digital-TV, FM, communication and Wi-Fi signals [19] , [20] , [26] , [28] , [31] - [33] .
Printed Yagi and quasi-Yagi antennas evolved into different configurations over these years [17] - [19] , [26] , [29] , [34] - [37] . They usually need relatively large space along the longitudinal direction (the direction of radiating or receiving electromagnetic waves), for holding baluns [28] , [34] - [36] or multiple parasitic elements in high-gain designs [17] , [26] , [28] , [29] , [36] , [37] . It could limit its application scope. In some cases, thin linear antennas like monopoles are preferred in portable devices like WiFi routers, owing to the convenient installation and space saving, especially in a vertical position. Forming an array in the transverse plane can reduce the use of parasitic elements and the longitudinal dimension. However, the array commonly relies on power dividers [19] , [35] , [36] , which still occupy longitudinal space.
In this paper, a quasi-Yagi antenna array driven by a collinear antenna is proposed. The collinear antenna is initially based on the coaxial line (the corresponding design is called coaxial collinear antenna) [38] , [39] , and then evolves into microstrip versions [40] - [43] . The collinear antenna radiates like a collinear series-fed array of dipoles [44] , and hence itself has a function of a power divider. Based on it, the quasi-Yagi antenna array can be easily extended in the collinear direction to obtain a high gain with no extra feeding networks and a reduced number of parasitic elements. Therefore, a high gain can be achieved with a simple, compact and thin profile. Besides, its compactness is further demonstrated by an angle-diversity design that consists of two back-toback proposed array antennas. The design can compensate the blind spot in the back half space of one array antenna, and nearly double the harvesting coverage with a size less than the sum of two array antennas through sharing reflectors.
In the next section, the driven part, the collinear antenna is analyzed with an equivalent circuit. Then, the effect of parasitic strips and impedance matching are discussed. Based on the analysis, prototypes are designed and fabricated. The measurements of antenna performance and energy harvesting will be provided in Section III.
II. ANTENNA DESIGN
The proposed quasi-Yagi antenna array is depicted in Fig. 1 . The driven part, a 4-section collinear antenna, is shown in Fig. 1(a) , where the four wide patches with a length of λ g /2 (λ g is the guided wavelength) are etched alternately on the front and back sides, and connected with narrow lines. To enhance the gain of the collinear antenna, a modification is made as illustrated in Fig. 1(b) . Each section of the 4-section collinear antenna is with a parasitic strip. Two collinear strips on the right side are shorter than λ 0 /2 (λ 0 is the wavelength in free space) and function as the directors, while two collinear ones on the left side are longer than λ 0 /2 and function as the reflectors. Like other Yagi antennas, the centers of every parasitic strip and driven section are aligned for endfire radiation. The driven part is like a transmission line of two conductors, while the parasitic strips are of single conductor. So the half wavelength of the driven part is more impacted by the substrate, and smaller than that of the parasitic strips. It is the reason why reflectors and directors are both longer than a section of the driven part. Hence, each section resembles a Yagi antenna. In addition, a short line with a width between the narrow lines and the 50-feed line is added for improving impedance matching.
For effectively harvesting wireless energy, the radiation performance is the primary consideration in the design process. The antenna gain is expected to be high in a possibly wider frequency band, while the antenna configuration is supposed to be narrow and compact. In this quasi-Yagi antenna array design, there are two parts affecting the gain performance: the collinear antenna and parasitic strips.
The collinear antenna can be treated as a series-fed array, and thus be able to elevate the gain by merely increasing its elements or sections (length) while maintaining a narrow width. To enhance the radiation in the xoy plane, currents on wide patches are supposed to be in phase. Thus the length of every section of the wide patch or narrow line is λ g /2. The last narrow line is short-circuited to the wide patch, and its length guarantees current antinodes at midpoints and nodes at edges of sections.
The mechanism of radiating RF waves from collinear sections can be explained by the equivalent circuit in Fig. 2(a) . The parasitic capacitor C and inductors L, L m2 are induced by the width discontinuity between sections. L is apparent only when the width of narrow lines (w c1 ) is too small. Power loss including radiation loss, dielectric and conductor loss is reflected by the resistor R. For an antenna with a high radiation efficiency, the radiation loss is the major part. The inductor L m1 is caused by the coupling of two adjacent edges of patches, and together with L m2 , C and L represents the power transmission or coupling. Since R, C and L are shunt components, and L m1 and L m2 are series components, a smaller R means more power loss, and a larger L or a smaller C, L m1 and L m2 indicate more power transmitted or coupled between sections. From Fig. 2 (b) to Fig. 2(d) , w c1 increases from 0.1 to 3.6 mm. With the increase in w c1 , R and L become bigger (L is too large and can be ignored in Fig. 2 (c) and Fig. 2(d) ) while C, L m1 and L m2 smaller, which means less power radiates per section while more transmits between sections. As a result, power distribution is more uniform on the whole antenna, as demonstrated by the current distributions in Fig. 3(a) . Thus, with a larger w c1 , more antenna aperture is utilized, and the gain rises. However, when the width of the narrow line w c1 further increases, the conductor and dielectric loss could outweigh the radiation, and pull down the radiation efficiency and the antenna gain. It can be seen in Fig. 3(b) that the gain declines when w c1 of the 12-section collinear antenna exceeds 1.5 mm.
Though the gain can reach the peak at w c1 = 1.5 mm, a smaller value of w c1 can strengthen discontinuity and provide a wider bandwidth as illustrated in Fig. 3(c) . On the other hand, the width w c1 barely affects the gain before the section number reaches 5, as shown in Fig. 3(d) . Therefore, the section number and the width of narrow lines w c1 are selected to be 4 and 0.1 mm.
The matching circuit connecting the 4-section collinear antenna with the 50-feed line is similar to a section of the collinear antenna. Hence, it also radiates. With the radiation, the gain of the collinear antenna is raised as shown in Fig. 4 . The radiation of the matching section, however, is not identical to that of the collinear antenna sections due to a phase difference between their currents. As mentioned above, the sections of the collinear antenna are λ g /2 long to assure in-phase currents, while the matching section is shorter than λ g /2. As a result of the phase difference, the side lobe of one side is strengthened and the beam becomes obviously asymmetrical as reflected by the radiation patterns in Fig. 5 . Considering that the excitation phase of the elements of a series-fed antenna array is usually frequency dependent and the beam angle could scan with frequency, beam patterns at different frequencies are also provided. It can be found that, due to the driven part the collinear antenna, the beam angle of the quasi-Yagi antenna array varies in a small range from 92 • to 86 • when the frequency increases from 2.3 to 2.6 GHz (it is 90 • at 2.45 GHz). The endfire radiation pattern is relatively stable in the frequency band.
Each section of the collinear antenna is a driven element, and the centers of each driven element and its corresponding parasitic element are aligned for endfire radiation. Since parasitic strips are longer than the collinear section, they are alternately etched on the left and right sides, and respectively function as reflective and directive elements. As illuminated in Fig. 4 , though with only two reflectors or directors for four sections, the gain can already noticeably increase from around 5 dBi to more than 8 dBi in a lower or upper frequency band. With both of them, the gain can reach around 9 dBi in a wide band. The distance between the parasitic strips and the driven part (denoted as d in Fig. 1) is an important factor affecting the gain. As shown in Fig. 6 , a larger distance results in a higher gain and a larger bandwidth. After balancing the performance and the width (or size), d is 6.25 mm in the proposed design. The lengths of the reflectors and directors also impact the gain bandwidth. From the results in Fig. 7 , the quasi-Yagi antenna array is more sensitive to the length of directors rather than reflectors. This phenomenon is also found in the impedance matching. The extra matching poles introduced by reflectors and directors shift more dramatically when the length of directors is varied. By properly adjusting the lengths of directors and reflectors, different operating frequency bands can be obtained.
Nevertheless, by comparing the reflection coefficients in Fig. 7 and Fig. 8 , it can be found that the impedance matching is still not acceptable with only matching poles introduced by parasitic strips, though it is improved. In Fig. 7 , a simple matching circuit, a short line, is also employed. It can effectively adjust both the real and imaginary parts of the input impedance as illustrated in Fig. 9 , and fulfill impedance matching of narrower or wider frequency bands. As mentioned above, the width of narrow connecting lines (w c1 ) regulates the radiated power of each section, and from another perspective, it changes the Q factor or the impedance bandwidth. It can be verified by the first graph of Fig. 9 , where a wider narrow line induces a steeper slope of the imaginary part. The width and length of the additional short line are both useful in altering the input impedance. A larger width or a smaller length can reduce the real part, while a larger width or length can elevate the imaginary part. According to the trend reflected by Fig. 9 , impedance matching can be implemented in the following way. If a wider bandwidth is needed, narrow lines could be thinner. The real and imaginary parts will be then elevated. To adapt the change and cancel the impedance increase, the matching line could be appropriately wider and shorter.
III. MEASURED PERFORMANCE
Wide angle coverage can improve the capability of exploiting ambient energy coming from different directions. An anglediversity prototype is hence presented to demonstrate the compactness. It is simply composed of two back-to-back quasi-Yagi antenna arrays and has two ports that separately offer two independent beams. Through sharing one set of reflectors, it is smaller than the size of two antenna arrays, as shown by the photograph in Fig. 10 . It is denoted as prototype B, while the single quasi-Yagi antenna array denoted as prototype A.
A. ANTENNA PERFORMANCE
In the frequency band from 2.18 to 2.63 GHz, these two proposed prototypes are both well matched according to the simulated and measured S parameters in Fig. 11 . Though two arrays of prototype B simply duplicate the configuration of prototype A and even share reflectors, the isolation between two ports of prototype B is better than 20 dB in a wide band. The results from the simulation and measurement are generally consistent. The difference in the curves of prototype B is bigger since the curving or warping caused by the fabrication is more obvious on the larger flexible substrate.
The two prototypes of quasi-Yagi antenna arrays are linearly polarized (z-polarized), and their overall radiation patterns, namely the spatial coverages, are illustrated in Fig. 12 . The E-plane and H-plane patterns are depicted in Fig. 13 . It shows that the collinear antenna itself needs 12 sections and a large length to reach a gain close to the proposed designs. The solution, loading parasitic strips, can reduce the demand for sections, then shorten the length and widen the E-plane beamwidth, thus make the antenna design more practical. Patterns of two prototypes are almost same, and the E-and H-plane 3-dB beamwidths can be more than 30 • and 123 • respectively. From 2.3 to 2.63 GHz, the forward gains of A and B respectively are 8.04-8.73 dBi and 8.24-8.62 dBi from the measured results, and are 8.46-9.04 dBi and 8.90-9.24 dBi from the simulated results, as shown in Fig. 14. The in-band decrease of measured gains is probably due to a few fabrication flaws on the 0.1-mm narrow lines and the warping of the flexible substrate, while the out-of-band decrease due to the return loss included in measured results. From these results of radiation performance, these two prototypes are with relatively small back lobes. The back lobe can approach −20 dBi at 2.6 GHz, and rises in the lower and upper segments of the frequency band. It is because that the reflective and directive loading of parasitic strips is frequency dependent. To pursue a compact configuration, the frequency of the lowest back lobe is designed to be higher than the operating frequency. According to the literature [40] , [42] , [43] and the pattern of the 12-section collinear antenna in Fig. 13(a) , the level of side lobes of the microstrip collinear antenna is usually around −10 dBi. Due to the phase difference between radiation of the matching circuit and the 4-section collinear antenna, the side lobe of one side is strengthened. However, the level of side lobes is still relatively low.
To measure the compactness of the proposed quasi-Yagi antenna array, the ratio of the effective antenna aperture to the physical size A e /A p is utilized (A e =G×λ 0 2 /4π, G is the antenna gain). From the comparison of antennas for wireless energy harvesting in Table 1 , it can be concluded that, except the electrically small antenna like [5] , which presents a very compact size at the cost of low gains, Yagi antennas can provide high gains with the most compact size. Compared to other Yagi antennas, the proposed quasi-Yagi array design owns a comparably compact size and maintains a stable high gain in a wide band. Its narrowest configuration means the lowest demand for space along the direction of incident RF waves, which would make it more suitable for portable harvesters with confined space. If a thinner size is expected, the proposed design can reduce the width of patches and the distance between parasitic strips and the collinear antenna at the cost of a narrower frequency bandwidth.
B. PERFORMANCE OF ENERGY HARVESTING
To demonstrate the performance of energy harvesting, a rectifying circuit shown in Fig. 15 is adopted. The circuit is designed with a Schottky diode SMS7630 at 2.45 GHz and fabricated on a 20-mil substrate of Rogers 5880. The measured results in Fig. 16 show that the efficiency of a single rectifying circuit is more than 40% from 2.41 to 2.49 GHz, . When measuring the circuit in Fig. 15(b) , only one port was fed with RF power.
and obtains a peak value of 47.7% at −10-dBm RF power. With the RF power ranging from −20 to 0 dBm, the efficiency varies from 27.4% to 55.7%. Since two beams provided respectively by the two ports of prototype B are back to back, the major harvesting coverage areas of two beams are not overlapped. Furthermore, two ports are isolated well. Every beam can thus be treated as independent. Therefore, two rectifying circuits in Fig. 15(a) are directly used to convert the RF power from two ports of prototype B. Their dc pins are connected in parallel, namely in a form of current summing, as shown in Fig. 15(b) . The angle-diversity harvester probably absorbs energy from only one direction. Under this circumstance, one rectifying branch is activated and the other one, especially its diode, simply consumes power. To examine the power loss, the rectifier in Fig. 15(b) was measured with only one port fed with RF power. The corresponding results in Fig. 16 indicate that the efficiency loss is generally low, and slightly higher in the low power region. The harvesting patterns of two prototypes are presented in Fig. 17. For In an azimuth angle range of 100 • , prototype A can produce dc power of more than 0.8, 1.9, 14 and 31 µW at 0.05, 0.1, 0.5 and 1 µW/cm 2 . The coverage of prototype B is nearly doubled, where the dc output is more than 0.6, 1.5, 12 and 27 µW respectively for these four power densities.
The state-of-the-art performance of rectennas for wireless energy harvesting is listed in Table 1 . Rectennas of low gains can perform well at lower frequencies since the effective antenna aperture and the RF-to-dc conversion efficiency are larger and higher. With the frequency increasing, the gain should be higher to make the rectifying circuit operate in its high-efficiency zone. Thanks to the high gain, the rectification efficiency of the proposed rectennas maintains relatively high levels at low power densities. The proposed rectennas were measured at a single frequency. A higher efficiency can be obtained with multifrequency RF waves illuminating the rectenna. Compared with other rectennas with two beams for wider coverage in Table 1 , this work (prototype B) presents the most compact configuration, owing to the benefit of high space utilization of the quasi-Yagi antenna array (prototype A). Therefore, it can be deduced that two sets of antennas like prototype B perpendicular to each other (one is in yoz, the other in xoz plane and all their reflectors are collinear) can make the harvesting coverage omnidirectional in the horizontal plane with a still compact configuration.
The rectenna designs were also measured with WiFi signals as demonstrated in Fig. 18 . The output of the dc voltage rippled as shown in Fig. 19 . To evaluate their performance, root-mean-square (RMS) values of the dc voltages of the whole measured period in Fig. 19 were calculated. When d 1 = 1 m and d 2 = 1.5 m, the RMS voltages of prototypes A and B are 0.863 and 0.879 V. When d 1 = 1.5 m, d 2 = 1 m, FIGURE 18. Setup for measurement of WiFi energy harvesting. The rectennas based on prototypes A and B respectively stood between the WiFi router and the USB WiFi adapter. The distances are denoted as d 1 and d 2 . In the measurement, the laptop was continuously downloading files. A capacitor of 100 µF was added in parallel with the 2.5-k resistor to smooth the output. In this picture, d 1 = 2 m and d 2 = 0.5 m. they are 0.635 and 0.664 V. When d 1 = 2 m, d 2 = 0.5 m, they are 0.308 and 0.418 V. Since the power emitted from the router is much higher than that of the adapter, the output decreased with the distance d 1 . According to the RMS voltages, the prototype B performed better due to the improved and doubled spatial coverage.
IV. CONCLUSION
A novel compact thin configuration is proposed for a quasi-Yagi antenna array. The collinear antenna as the driven part resembles a series-fed array of dipoles. It can easily increase the gain by extending the transverse dimension without extra power dividers, reduce the use of parasitic elements, and thus permits a narrow width. Only one piece of a short strip line is adopted to realize impedance matching in a frequency band over 300 MHz. A rectenna based on it could stably harvest RF energy due to the steady and high gains in the operating frequency range. The narrowed width can make the quasi-Yagi antenna array more space-saving and fit for portable harvesters as well as communication devices.
